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ABSTRACT

The compression strength of a stitched and a toughened matrix
graphite/epoxy composite was determined and compared to a baseline
unstitched untoughened composite. Two different layups with a variety of
test lengths were testéd under both ambient and hot/wet conditions. No '
significant difference in strength was seen for the different materials when
the gage lengths of the specimens were long enough to lead to a buckling
failure. For shorter specimens, a 30% reduction in strength from the
baseline was seen due to stitching for both a 48-ply quasi-isotropic and a
(0/45/0/-45/90/-45/0/45/0)s laminate. Analysis of the results suggested that
the decrease in strength was due to increased fiber misalignment due to
the stitches. An observed increasing strength with decreasing gage length,
which was seen for all materials, was explained with a size effect model.
The model assumed a random distribution of flaws (misaligned fibers). The
toughened material showed a small increase in strength over the baseline
material for both laminates presumably due to the compensating effects of
a more compliant matrix and straighter fibers in the toughened material.
'The hot/wet strength of the stitched and baseline material fell 30% below
their ambient strengths for shorter, non-buckling specimen, while the
strength of the toughened matrix material only fell 20%. Video images of
the failing specimen were recorded and showed local failures prior to global
collapse of the specimen. These images support the theory of a random
distribution of flaws controlling composite failure. Failed specimen
appearance however, seems to be a misleading indication of the cause of
failure.



INTRODUCTION

Composite materials are now being considered more often for primary
structures. As composite structures compete with metal structures there is
pressure to make composites faster, cheaper, and stronger. The in-plane
properties compare very well with metals. However, low out-of-plane
properties of composite materials have lead to delamination problems and
low damage resistance. Two methods can be used to improve these
thickness-direction properties: the matrix can be toughened; or through-
the-thickness fiber arrangements can be employed. Tougher matrix
systems have shown dramatic improvements in damage resistance [1] as
has through-thickness stitching [2]. Of course, changing the matrix |
properties or introducing stitches to a laminate will affect the in-plane
properties, and aircraft structures are primarily sized by in-plane properties.
The objective of this work was to determine the influence of stitching versus
a toughened matrix on the in-plane compression strength of composite
materials.

First, the compression failure of an unstitched material made of
AS4/3501-6 was studied to provide a baseline. This material was then
compared to both a stitched composite made of the same fiber and matrix
and to an unstitched composite made of the same fiber but with a tough
matrix (8551-7 epoxy). Analyses were developed to model the
compression strength of the baseline material. These models were then
used to explain the differences observed in compression strength between
the baseline and both the stitched and the toughened matrix materials.

Several factors which can affect the compression response of a

laminate were investigated. First, because laminate compression strength



is a complex combination of material and structural response, tests over a
wide range of unsupported specimen gage lengths were conducted.
Second, since composite laminates are tailored to different applications,
laminates which differed in stacking sequence and thickness were tested.
Compression results of a moderately thick common quasi-isotropic
laminate were studied and then compared to a thinner (0/45/0/-45/90/-
45/0/45/0)s laminate, which was stronger and stiffer in the 0° direction. The

final factor studied was the effect of environment. Initially all the laminates
were tested at room temperature and under ambient moisture conditions.
Tests were then run at 180°F on specimens which had been subjected to a
prolonged water soak. Such hot/wet properties are often used in design
because they represent one of the more critical environments that a normal
aircraft structure might be expected to endure.

SYMBOLS LIST

cross-sectional area of specimen, in2
end constraint coefficient
laminate longitudinal modulus, Msi
laminate through-thickness shear modulus, Msi
m  matrix tangent shear modulus, Msi
bending moment of inertia, in4
specimen gage length, in
Weibull slope parameter
specimen thickness, in
fiber volume fraction
matrix volume fraction
specimen width, in
initial fiber misalignment, rad.
rotational spring stiffness, in-lb/rad
composite shear strain
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Ym matrix shear strain

c laminate strength, ksi

s®  strengthin 0° ply, ksi

Ogg5 reference laminate strength at 0.5 in. gage length, ksi

055 0° ply strength at reference 0.5 in. gage length, ksi
m shear stress in matrix, ksi

MATERIAL

Traditionally, composite material has been manufactured by stacking
together layers of prepreg tape material. Prepreg tape is a combination of
unidirectional fibers and partially cured matrix. These layers are then
consolidated by heating them under pressure to form a laminate.
Unfortunately, when these layers of prepreg are stitched, some fibers are
broken because they are held in place by the partially cured matrix. These
broken fibers significantly reduce the in-plane properties of the composite
[3]. To solve this problem, stitched laminates have more recently been
made from uniweave fabric. The uniweave fabric material does not contain
the partially cured matrix, so fibers are able to move out of the way of the
needle and thus fewer fibers are broken [3]. In the uniweave layer, a small
percentage of thin compliant glass fibers are woven transverse to the
aligned fibers to hold the layer together so it can be handled. Once a stack
of uniweave layers has been stitched, it is put into a mold and low viscosity
resin is heated and forced to infiltrate the laminate. This process is called
resin transfer molding (RTM). The mold is then heated to cure the matrix. |

The baseline material in this study was an uniweave laminate without
stitching. The base line laminates were manufactured with the RTM
process used for the stitched laminates. The uniweave material was made



of AS4 fibers in the primary direction. The weaving fibers were glass and
only accounted for 1% of the fabric weight. The matrix was 3501-6 epoxy
which is a common low-toughness composite matrix. The stitched
laminates consisted of uniweave plies stitched with a 1250 yd/Ib glass yarn.
The laminates were stitched in the load carrying direction with eight rows of
stitches per inch. Within a row, a stitch was made every 1/8 of an inch using
a modified lock stitch. This stitch placed the stitch knot on the back surface
of the laminate where it would have less of an effect on the fibers in the
laminate [2]. The toughened matrix material was a conventional prepreg
tape. The prepreg tape contained the same AS4 fibers as in the baseline
and stitched materials, but had a toughened 8551-7 epoxy matrix. These
laminates were manufactured in an autoclave curing process.

Two laminates of each material were tested. The first was a 48-ply
quasi-isotropic laminate with a (45/0/-45/90)gs layup which was intended to
represent an aircraft frame structure. The laminate thickness, t, was
approximately 0.25 inches. The other laminate was a 0.1 in. thick 18-ply
(0/45/0/-45/90/-45/0/45/0)s laminate. This laminate was stiffer and
stronger than the quasi-isotropic laminate because of the larger proportion
of 0° plies and represented a wing skin.

TESTS SPECIMEN AND PROCEDURE

The compression tests in this study were conducted using a NASA
linear-bearing fixture [4] as shown in Figure 1. This fixture has four rods
mounted with linear bearings to keep the grips aligned. The test specimen
extended 2.25 in. into each grip, load was introduced primarily through end
loading. The face grips primarily provided lateral restraint. They also



reduced the tendency for the specimen to fail at the ends by introducing
some of the load through shear thereby reducing the end loads. Soft plastic
shims were placed between the grips and the specimen so that the grip
faces did not bite into the test specimen and so that the stress
concentration at the grip line was reduced. This loading configuration did
not require the use of bonded tabs. Bonded tabs, which are required for
many other compression tests [5], have been shown to cause a significant
stress concentration at the end of the gage section [6, 7] as well as
requiring an additional manufacturing step. This fixture was modified
slightly from that described in Reference 4, to allow laminates of different
thicknesses to be tested. The back grip plate was made adjustable so that
the centerline of the test specimen could be aligned with the centerline of
the load frame.

All test specimens had a 1 in. width, w, but ranged in length between
4.69 and 14.5 inches. These specimens had unsupported gage lengths, L,
of 0.19, 0.5, 1.0, 2.0, 3.5, 5.5, and 10.0 inches. Only the thicker quasi-
isotropic laminates were tested with the 5.5 and 10 inch gage lengths.
Strain gages were applied to many of the specimens to check specimen
alignment, to confirm Euler buckling, to measure longitudinal modulus and
Poisson's ratio, and to determine strain at failure. The specimens with 1.0,
2.0, 3.5, or 5.5 in. gage lengths were strain gaged front and back with 1/4 in.
strain gages in both the longitudinal and transverse directions. Because of
tHeir small gage length, specimens with the 0.5 in. gage length were strain
gaged front and back with 3/16 in. strain gages in the longitudinal direction
only. The 0.19 in. gage length specimens were too small for strain gage

measurements.



As mentioned, compression tests were first run under ambient
conditions. The laboratory temperature was 77°F. All ambient specimens
contained a nominal amount of moisture since they had been stored under
normal atmospheric conditions for a prolonged period.

The hot/wet specimens were soaked in water at 160°F for 45 days and
then tested at 180°F. These hot/wet test parameters are similar to those
used for general material evaluations [8]. In order to determine the amount
of moisture absorbed by the specimen, they were weighed after being dried
and again after being soaked. The specimens were stored in water until
they were tested. For strain gauging, the specimens were removed from
the water for approximately 6 hours while the strain gages were bonded.
M-Bond GA-2@ [9] room-temperature-cure epoxy adhesive was used
because it provided adequate adhesion under this hot/wet environment.
After bonding, the specimens were returned to water for 1 to 2 days before
being tested.

To perform elevated temperature tests, an oven was placed around
the linear-bearing fixture and heated to 180°F. Prior to testing, each
specimen was put in a small water bath which was then placed in the oven.
When the water temperature reached 180°F, the specimen was removed
from the bath and the excess surface moisture was dried. If the specimen
was strain gaged, the specimen was allowed to sit in the oven without being
gripped for several minutes until the specimen temperature and strains
stabilized so that the gages could be zeroed. The specimen was then
placed in the grips and loaded to failure. The specimen was placed in the
grips as quickly as possible to minimize drying. The elapsed time between
removing the specimen from the 180°F water bath and actually testing was
usually less than 30 minutes.



All compression tests were conducted in displacement control. The
initial displacement rate was 0.02 in/min but the rate was slowed to 0.01
in/min near failure to better capture the failure mechanisms. The load and
crosshead displacement as well as strain readings were recorded every 0.5
seconds. To determine longitudinal modulus, the front and back strain
gage readings were averaged and plotted versus load. The modulus was
calculated from the slope of a least squares regression line which was fit to
the points which fell between 1000 and 3000 pe. The Poisson's ratio was
determined by plotting the averaged front and back transverse strain
versus the average longitudinal strain. Poisson's ratio was taken as slope
of the regression line fit to the points with average longitudinal strains
between 1000 and 3000 pe. The front to back longitudinal strain differed by
less than 200 pe when the average longitudinal strain was 3000 e,
indicating that the specimen was well aligned. At least three repetitions of
each strength test were performed.

During several of the ambient tests, the machined edge of the
specimen was viewed with a high speed video system which recorded 1000
frames per sec. The hot/wet tests were not recorded on video because the
oven blocked the edge view of the specimen.

BASELINE MATERIAL AND MODELS DEVELOPMENT

The compression strength of the baseline unstitched uniweave quasi-
isotropic laminate is shown in Figure 2. The strength of this material varies
widely over the gage lengths tested. This is not surprising since the longer
specimens were quite long compared to their thickness and, therefore,
buckled. Once the gage length was small enough to prevent buckling one



might expect to find some constant "material compression strength” [10].
Instead the compression strength was found to continue to increase as the
gage length was reduced. Buckling theory was used to model the longer
gage length specimen. The strength in the short gage length region was
modeled with a size effect model which will be described later.

The Euler buckling strength a beam with fixed ends is given by

4n2El
c= 5
A2L
where 1 is the bending moment of inertia (I=w t3/12), A is the cross-

(1)

sectional area (A=w t) and E is the laminate longitudinal modulus. This
equation also assumes a homogeneous material. For the laminates in this
study which contain dispersed 0, +45, and 90 degree layers, this
assumption should be acceptable. This model used a value of E of 7.18
Msi and an average thickness of 0.255 inches which were measured for
these laminates. As can be seen form Figure 2 this model does a poor job
of modeling the compression response of the test specimen. Two reasons
for this are that it neglects the effect of shear deformation and that it
assumes perfectly fixed end conditions. Shear deformation is generally
more significant for graphite/epoxy composite beams than for metal beams
because the shear modulus is smaller compared to the longitudinal
modulus for the composites. Even though a specimen was firmly clamped
in each grip, the end condition is not perfectly clamped. The material which
was held in the grip was constrained from lateral movement but could
deform longitudinally. A gradient in longitudinal deformation across the
thickness of the specimen would result in a rotation of the specimen cross
section at the grip [11].



Equation 2 [12] accounts for shear deformation and compliance of the

end condition.

Cn’El 1
M YTE CrEl (2)
1+1. 2——-7—
A2L°G

G is the through-the-thickness shear stiffness of the material. The end

constraint coefficient, C, for a column which is constrained from lateral
movement at the ends and where rotation is resisted by rotational springs is
approximated in Reference [13] as

C-= M (3)
(g2

where B is the rotational spring stiffness.

This buckling model is plotted in Figure 2 and agrees well with the
strength data at longer gage lengths. The value of G used in the model
was 0.691 Msi which was calculated using laminate property
transformations described in Reference 14 and the lamina properties given
in Table 1. The rotational spring stiffness, B, was chosen to be 16,000 in-
Ib/rad which produced a good fit to the data. The model does a good job of
modeling strength for gage lengths between 3.5 and 10.0 inches.

Figure 3 contains load-displacement curves from representative tests
with gage lengths from 0.5 to 5.5 in. Diverging strain values from the front
and back gages as seen for the 3.5 and 5.5 in. specimens indicate buckling.
This buckling failure mode can also be seen in photographs taken during
testing as shown in Figure 4. The 3.5 in specimen can be seen to have
buckled out of plane in the photograph taken 0.001 before failure. After
failure, the specimen contains many delaminated ply groups and therefore

10



appears to have failed in a brooming failure mode [15]. The curves in
Figure 3 indicate that at gage lengths below 3.5 in. buckling no longer
controls failure so a different model should be used.

The strength model used for the small gage length region assumed the
strength of the specimen was governed by flaws that were randomly spread
throughout the material. The severity of the flaws was assumed to obey a
- Weibull distribution [16]. Since the flaws were randomly distributed, a larger
specimen should on average contain a more severe flaw than a smaller
specimen and therefore have a lower strength. The model that describes
this size effect [17] is given by

G =0ps (0_'%)1"“ (4)

where o is the strength at a gage length L, ogs is a reference strength
taken as the strength at a gage length of 0.5 inches, and m characterizes
the spread of the Weibull distribution of flaws. This size effect model is also
shown in Figure 2 and shows good correlation to the measured strength
data for specimens with gage lengths less than 3.5 inches. The reference
strength value and the Weibull spread were determined to be 99.6 ksi and
10.4, respectively, by a least squares regression analysis. The measured
compression strengths for this material are of the same magnitude as
reported by others for similar materials [5,18]. '

The increase in strength with decreasing gage length as seen in the
small gage length region in Figure 2 was not seen in data presented by
others [18] and may be evident here because of a more uniform stress field
in the gage section. A stress concentration like that caused by bonded tabs
would disguise this effect because the amount of material in the elevated
stress region would remain the same as the gage length changed. When
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efforts have been made to reduce the stress concentration at the end of the
gage section, nonuniform strength has been observed [19,20]. Figure 5
shows a photograph of the edge of a 0.5 inch gage length specimen failing.
The dark spot that appeared on the edge of the specimen 4 seconds before
failure was the initial failure caused by a flaw. The spot is formed when
fibers in a 0° ply at the edge of the specimen, buckle outward from the edge
so that they no longer reflect the incident light. After final failure, the
. specimen appeared very similar to the 3.5 in gage length specimen (Figure
4) which failed due to global buckling. Therefore, the appearance of a failed
compression specimen does not always indicate the controlling failure
mechanism. The size effect model represents the data adequately for the
small gage lengths and therefore, supports the theory that the flaw
distribution in the laminate governs compressive strength. This model,
however, does not provide information about the form of the flaw.
Therefore, no insight is gained as to how strength might be improved or
how the strength will be affected by other parameters such as environment.
Wisnom [21] has proposed a model for compression strength of a 0°
ply, o°, based on the collapse of misaligned 0° fibers. This model is
represented by the equation

) (5)

V.(y+a)
where Gn, is the secant shear modulus of the matrix material, o is the initial
fiber misalignment, and vy is the composite shear strain which produces
additional fiber misalignment. Vm is the matrix volume fraction, which is
assumed to be the complement of the fiber volume fraction or (1-Vy). This
is a nonlinear equation since both Gm and vy are functions of the

compressive stress. The equation assumes that at some critical stress a
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small amount of additional loading will reduce the matrix secant modulus so
that the additional stress cannot be supported, and the composite therefore
collapses. |

The application of the fiber collapse model requires a shear stress-
strain curve for the neat resin. The shear response of the 3501-6 matrix
[22] is shown in Figure 6 under both room temperature/dry and hot/wet
conditions. The hot/wet results originally presented in Reference 22 were
at 200°F. These results were transformed to 180°F using a Richard-
Blacklock interpolation [23]. The shear response of the toughened 8551-7
resin [24] is also presented in this figure. A polynomial least squares
regression line was fit to each set of data and expressions for the secant
moduli, Gm, were calculated. The critical stress can be found numerically
by incrementing the matrix shear strain ym. The corresponding Gm and
composite shear strain (y = v,.V,, ) were then found and substituted into
Equation 5. As the matrix shear strain is increased, the stress required to
produce the strain will increase to a point and then fall off due to decreasing
matrix modulus and increasing fiber misalignment. The peak stress is the
predicted strength of the 0° ply. The predicted 0° ply strengths, o9, for
3501-6 and 8551-7 composites were calculated for a variety of initial
misalignments as shown in Figure 7.

The fiber collapse model can be used in combination with the size
effect model by assuming that the critical flaws in the composite are regions
where the fibers are not aligned well with the loading axis. At smaller gage
lengths there is less material in the gage section so the chance of having as
large a fiber misalignment present would be less and the average strength
would be higher. The reference laminate strength, ags, for this 3501-6
quasi-isotropic laminate was calculated from the test data to be 99.6 ksi, as
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reported earlier. The stress in the 0° ply was calculated using laminate
theory to be 2.46 times the average stress. The lamina properties used in
this analysis are presented in Table 1. Therefore, the reference strength of
0° ply, 08.5. is 245 ksi. This reference strength corresponds to a fiber
misalignment of 1.5° as indicated by the RT/DRY 3501-6 curve in Figure 7.
This fiber misalignment is comparable to reported measurements of fiber
misalignment between 0.7° and 2° [25]. Although the moisture content in
the specimens which were tested under ambient conditions was
measurable (see Table 2), it was considerably less than the saturated
specimens and was considered insignificant allowing the comparison to the
RT/DRY fiber collapse results. This combination of the fiber collapse and
size effect models will be used to analyze the compression strengths of the
different materials subjected to different environmental conditions.

COMPARISON OF STITCHED AND TOUGHENED
MATRIX COMPOSITES

The compression strength is plotted in Figure 8 versus gage length for
the baseline, stitched and toughened matrix materials. The thickness of
these laminate are somewhat different (see Table 2) which affects their
compression strength. Strength is believed to provide the best parameter
of comparison because it is directly related to how much structural weight
will be needed to support a given load since the densities of the materials
are basically the same. The differences in thickness among the different
materials , which also affects E and Vi, is a characteristic of the different
material forms.

In Figure 8, the measured strength of the different materials is plotted
along with the results from the models. The models discussed in the last
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section appear to do a good job of modeling all three material types. The
parameters used in these models are presented in Table 3. In the buckling
region, the compression strength does not seem to be affected much by
either stitching or by matrix toughness since all three curves fall close
together. The stitched composite does appear slightly stronger in this
region, but this difference is due to the stitched laminate being slightly
thicker because of the stitching. The buckling strength is especially
sensitive to the thickness because of its influence on the bending moment
of inertia.

In the small gage length region, the stitched laminate's strength is
- consistently about 20% below that of the baseline. This is assumed to be
largely due to the stitches causing perturbations in the 0° plies. An
increased fiber misalignment from 1.5° to 2.5° due to the stitching could
have caused the observed drop in strength as indicated by the 3501-6
RT/DRY curve in Figure 7. Figure 9 shows fibers in a lamina curving around
a stitch and shows that a 2.5° fiber misalignment is actually a conservative
value. The failure of a stitched specimen with a 0.5 in gage length is shown
in Figure 10. The photographs shows damage in the laminate before
failure which is extending perpendicularly across the specimen. This
damage is following the line of a stitch which lies just below the surface.
This supports the assumption that stitching causes local misalignments of
the 0° fibers and hence lowers the strength of the composite. After failure,
the specimen appears to have failed in a 45° shear band. This post failure
appearance is also typical of the longer stitched specimens that buckled,
again showing that post failure appearance is not a good indication of the
cause of failure.
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The toughened matrix appears to cause a small increase in strength

- as shown in Figure 8. This is somewhat surprising since the lower stiffness
of the 8551-7 matrix shown in Figure 6 causes the fiber collapse model to
predict a lower strength for this material. The difference may be due to a
difference in fiber misalignment angles. The baseline material is a resin
transfer molded uniweave. The small transverse weave of the uniweave is
intended to curve around the tows in the primary direction, but a small
amount of crimp may still take place. Also, during the RTM process, when
resin is pumped through the dry fiber material, fibers may tend to move
somewhat therefore affecting the fiber alignment. The fibers in the
toughened matrix material may therefore be straighter than that of the
unstitched uniweave. A change in fiber misalignment angle from 1.5° to 1.0°
would account for this difference in strength as indicated by the horizontal
distance between the 3501-6 and 8551-7 RT/DRY curves of Figure 7. The
tape material may also be more uniform as indicated by the low slope of the
size effect model curve in Figure 8. This might indicate better control of the
processing of the tape material.

The failure of the tape material appears very similar to that of the
baseline material. Occasionally near failure, a progression of
delaminations were seen in the toughed and baseline materials, as shown
in Figure 11. The photographs of the progressive failure gives insight into
how the brooming failure develops. However, brooming is not believed to
be the true cause of failure. The models worked equally well for the
baseline, toughened, and stitched composite materials even though the
progressive delamination failure was never seen in the stitched material.
Also, for the shortest gage lengths, failure in the toughened and base line
laminates would occasionally develop as a shear band similar to that seen
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for the stitched composites. The change in strength in this region of the
baseline and toughened matrix composites was similar to that of the
stitched material where no transition in failure appearance was seen. The
progressive delaminations were therefore believed to be caused by
misaligned fibers which collapsed and then caused the delaminations.
Therefore, stitching or tougher matrix systems are not expected to affect
compression strength due to their increased delamination toughness but
may affect it due to their influence on fiber alignment and fiber support.

The strength results from the (0/45/0/-45/90/-45/0/45/0)s laminates
are shown in Figure 12. The trends are similar to those for the quasi-
isotropic laminate. In the buckling region, the stitched panel appears
slightly stronger than the baseline or toughened panels due to the
increased thickness of the panel. In the nonbuckling region, a 20%
decrease in strength is seen and again is assumed due to increased fiber
misalignment from stitching. The strength of the toughened matrix material
is again in the range of the untoughened baseline material. The
appearance of the failure was also similar to that seen for the quasi-
isotropic laminates of the different materials. A larger change in strength
with gage length is seen for the toughened tape material than the baseline
uniweave material. This is the opposite trend from that seen for the quasi-
isotropic specimens and would indicate that the tape material had a larger
distribution of flaws than the uniweave.

The buckling strength of the (0/45/0/-45/90/-45/0/45/0)s laminate is
significantly below that of the quasi-isotropic laminate at the same gage
length. This is due to the sensitivity of buckling strength to specimen
thickness. The excellent fit of the model to the data in both cases indicates
that the strength in this region is truly governed by the global buckling
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response. The rotational spring stiffness B was changed for the modeling
of the thinner laminates to 4000 in-Ib/rad, because the thinner laminates did
not provide as much bending constraint at the grip as the thicker laminate.
The shear modulus for the (0/45/0/-45/90/-45/0/45/0)s laminates was
calculated using the laminate analysis to be 0.75 Msi.

In the non-buckling region, one might expect the critical stress in the 0°
plies, 08.5, for the same material to be the same for the different laminate

types. Figure 13 plots 08_5 for the different materials and the different

laminates. The figure shows that the strengths of the 0° plies in the
(0/45/0/-45/90/-45/0/45/0)s laminates are consistently 15% below that from
the quasi-isotropic laminate. Although surprising, this could be due to the
(0/45/0/-45/90/-45/0/45/0)5 laminate having a 0° ply on the outside of the

laminate which may be more critical than an embedded 0° ply.

EFFECT OF HOT/WET CONDITIONS

Each material and both types of laminates were tested under hot/wet
conditions as described earlier in this paper. The moisture content in each
material and for each laminate is recorded in Table 2. The stitched material
absorbed significantly more moisture than either the unstitched or the
toughened matrix material. This was probably due to the additional resin
content in this material and due to the glass stitch material allowing more
moisture absorption. Another reason the stitched material's moisture
content may have been higher was that even after the 45-day soak, the
specimens were not completely saturated. The stitched material was more
nearly saturated because it absorbed moisture much quicker, possibly due
to the resin rich stitches wicking moisture to the interior of the laminate. The
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8551-7 tape material absorbed less moisture than the 3501-6 uniweave.
The thinner (0/45/0/-45/90/-45/0/45/0)s laminates had larger % moisture
contents than the thicker quasi-isotropic laminate after the 45 day soak.
This also may be due to differences in saturation level with the thinner
laminate being more nearly saturated. The material for the hot/wet tests

~ was assumed completely saturated and compared using saturated
elevated temperature matrix properties.

The compression strengths of the quasi-isotropic laminates and of the
(0/45/0/-45/90/-45/0/45/0)s laminates are presented in Figures 14 and 15,
respectively. The trends in both cases look similar to those seen under
ambient conditions, and the model strength curves fit the data well. The
parameters used in generating these curves are presented in Table 3. The
buckling strength curves were practically unaffected by the change in test
environment. The buckling strength is primarily a function of the laminate
stiffness which, as shown by the measured modulus data in Table 2,is
essentially unchanged. The laminate stiffness is mainly controlled by the
stiffness of the fibers which should not be affected by the hot/wet conditions.
The stitched laminate again appears a little stronger in the buckling region
because it is slightly thicker. In the nonbuckling region, the stitched
| laminate compressive strength was again almost 20% lower than the
baseline unstitched uniweave. The reduction was slightly less than 20% for
the quasi-isotropic laminate and slightly more for the (0/45/0/-45/90/-
45/0/45/0)s laminate. The toughened matrix material is 13% and 19%
higher than the baseline material under the hot/wet conditions for the quasi-
isotropic and (0/45/0/-45/90/-45/0/45/0)s laminates, respectively. This is
different from the ambient conditions where they were about the same. The
similarity in strength for these materials at ambient conditions is postulated -
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to be due to compensating factors: straighter fibers and a more compliant
matrix in the tape material. It is not surprising that under hot/wet conditions
the strengths would no longer be the same since the hot/wet environment
would have a different effect on the two matrix materials.

To better evaluate the effect of the hot/wet conditions, the 08_5 for
each material and each laminate were compared for the ambient and
hot/wet conditions. These results are shown in Figure 16. Both the
baseline and the stitched materials had about a 30% drop in strength due to
the hot/wet conditions for both laminates. The drop in strength for the
toughened matrix material was only about 20%.

Figure 6 also shows the shear response of the 3501-6 and 8551-7
matrix material under hot/wet conditions. The hot/wet matrix properties of
the two materials were used in the fiber collapse model to predict the
strengths of the 0° ply. These predictions are shown in Figure 7. Assuming
fiber misalignment angles in the 1-3 degree range, these predictions
suggest that a 50% drop in strength from the room temperature tests
should be expected for the baseline and stitched materials, and a 35% drop
should be expected for the toughened matrix material. This predicted
reduction is significantly larger than the measured reduction, but the
prediction that the effect would not be as large for the toughened matrix
composite was correct. The predicted reduction may be greater than the
measured reduction because the ambient specimens were assumed to be
completely dry and the hot/wet specimens were assumed to be completely
saturated. Neither condition was strictly true, so the changes in matrix
properties due to moisture were over estimated. The moisture effect
however should be smaller than the effect of temperature [22, 24].

20



The strength under hot/wet conditions of the 0° ply in the quasi-
isotropic laminate again was consistently higher than in the (0/45/0/-45/90/-
45/0/45/0)s laminate. Although not noted on Figure 16, 08_5 for the two
baseline material laminates differed by 13% under hot/wet conditions. This
is consistent with the 14% difference found under ambient conditions, as
was shown in Figure 13, and again may be due to the (0/45/0/-45/90/-
45/0/45/0)s laminate having 0 external plys. The difference in 08.5
between the two laminates was 20% for the stitched material and only 8%
for the toughened matrix material under hot/ wet conditions as compared to
differences at ambient conditions of 15% and 13%, respectively. The
discrepancy between the ambient and hot/wet values for the stitched and

toughened materials may simply be due to experimental scatter.

CONCLUDING REMARKS

The effect of the trade-off between stitching and toughened matrix
systems on the compression property of composite laminates was
determined at both ambient and hot/wet conditions and for a large range of
unsupported gage lengths. The compressive strength of a stitched
uniweave composite with a brittle epoxy (3501-6) and of an unstitched tape
composite containing a toughened epoxy (8551-7) were compared to a
baseline material made of unstitched uniweave with the brittle epoxy matrix.
This comparison was made for two laminates: a 48-ply quasi-isotropic
laminate and a thinner 18-ply (0/45/0/-45/90/-45/0/45/0)g laminate which
contained a larger portion of 0° plies.

If a compression specimen was long enough to buckle, the important
material parameters were the laminate stiffness and thickness as indicated
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by the buckling model. The stitched material which had a slightly reduced

| modulus from the baseline material actually carried more load because of
the laminate's increased thickness. No effect of the hot/wet environment
was observed when buckling governed failure.

When the test specimens were short (<3.5 inches), the specimens
failed before buckling occurred. The strength of the composite was not
constant in this region but increased as the gage length decreased. This
increasing strength was believed to be due to a random distribution of flaws
within the material which causes larger specimens to have a lower strength
on average. The critical flaw was assumed to be misaligned fibers. A model
that predicts strength based on the fiber misalignment angle and the matrix
nonlinear shear stress-strain curve was used to predict strengths. The
predicted results agreed well with measured values.

An observed 20% reduction in the strength of the stitched material from
that of the baseline materials was attributed to a small increase in fiber
misalignment caused by the stitching. The strength of the toughened tape
material was approximately the same as the baseline material but the
similarity in strength is believed to be due to compensating effects of
straighter fibers and a lower modulus matrix. The resistance to
delamination gained by stitching or by increased matrix toughness is not
believed to influence compression strength. Delaminations that were
observed during the failure of the baseline and toughened tape materials
were believed to develop after failure was initiated by the collapse of
misaligned fibers. The effect of stitching and of the toughened matrix was
approximately the same for both quasi-isotropic and (0/45/0/-45/90/-
45/0/45/0)s laminates but the strength of the critical 0° plies was calculated

to be 15% higher for the quasi-isotropic laminate, on average.
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The hot/wet environment caused a reduction in strength for all
materials, but the effect was somewhat larger for the baseline and stitched
materials which had the more brittle matrix. The decrease in strength was
around 30% for these materials and only 20% for the toughened matrix
material. The smaller effect on the toughened matrix composite was
predicted by the model. The effect of moisture was the same for both
laminates.

Although this paper shows that the compression strength is adversely
affected by stitching (if buckling does not cause failure), it is only one of
many properties which must be evaluated when choosing a material
system. The results of this study also indicate that care must be taken when
comparing compression data because strength values can change with
gage size. The results also showed that the appearance of a failed
specimen is not a good indication of the cause of compression failure.
Finally, the 30% decrease in strength due to stitching showed just how
sensitive the compression strength is to fiber misalignment.
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Table 1. AS4/3501-6 Lamnia Properties [26]

E11 (Ms) 16.6

| Eo2 & E3z3z (Msi) 15
V12 & Vi3 0.33 |
V23 0.47 |
G128 G13 (Msi) | 0.87 |
Go3 (Msi) 0.55

Table 2. Measured Laminate Properties

Thickness Density Vi Modulus % Moisture
in. lb/in3 % Msi %
Std. Dev. Ambient | Hot/wet | Ambient] Hot/wet

Baseline . _ __ __ __
Quasi-Isotropic 0.255 0.010 ] 0.0579 | 623 7.18 7.23 0.17 0.69
(45/0/-45/90/-45/0/45/0)s] 0.100 0.004 | 0.0581 63.6 9.71 9.71 0.43 1.41

Stitched _ ] _ _ .
| Quasi-Isotropic 0.291 0.003 | 0.0577 54.1 6.47 6.54 0.51 1.33
(45/0/-45/90/-45/0/45/0)s| 0.114 0.001 | 0.0578 | 58.5 8.69 8.64 0.58 1.63

Toughned Matrix

Quasi-Isotropic 0.268 0.004 | 0.0561 57.9 6.63 6.84 0.17 |- 052
(45/0/-45/90/-45/0/45/0)s| 0.102 0.002 | 0.0553 60.4 9.18 9.39 0.34 0.95
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Table 3. Strength Model Parameters

“Buckling Weibull Model 0° Strength
Model

G2 | B cos (ksi) m o5 (Ksi)

(MSI) | (in-Ib/rad) | Ambient | Hot/wet | Ambient | Hot/wet | Ambient | Hot/wet
Baseline i} _ _ _
| Quasi-Tsotropic 60 | 16,000 | 99.6 | 68.1 10.4 21.0 245 168
(45/0/-45/90/-45/0/45/0)s| .75 4,000 [118.0 82.0 15.2 22.6 210 146

~__ Stitched . ] )

Quasi-Isotropic .69 | 16,000 80.1 56.7 8.8 18.7 197 139
(45/0/-45/90/-45/0/45/0)s] .75 4,000 93.8 62.3 10.2 7.1 167 117
Toughned Matrix L ‘
Quasi-Isotropic 69 | 16,000 | 101.1 77.2 145 36.1 249 190
(45/0/-45/90/-45/0/45/0)s] .75 4,000 121.4 97.7 6.5 15.3 216 174
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Figure. 4
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|BuckLing failure of quasi-isotropic baseline laminate with a 3.5 in. gage
ength.
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Local failure in quasi-isotropic baseline laminate with a 0.5 in. gage length.
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Figure. 10  Failure of quasi-isotropic stitched laminate with a 2 in. gage length
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Figure. 11 Progressive delamination failure of toughened tape laminate with a 1 in.
gage length
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